Purpose To evaluate the efficacy and oral activity of two promising indoles, (2-(1H-indol-3-yl)-1H-imidazol-4-yl)(3,4,5-trimethoxyphenyl)methanone [compound II] and (2-(1H-indol-5-ylamino)-thiazol-4-yl)(3,4,5-trimethoxyphenyl)methanone [compound IAT], in paclitaxel-and docetaxel-resistant tumor models in vitro and in vivo. Methods The in vitro drug-like properties, including potency, solubility, metabolic stability, and drug-drug interactions were examined for our two active compounds. An in vivo pharmacokinetic study and antitumor efficacy study were also completed to compare their efficacy with docetaxel. Results Both compounds bound to the colchicine-binding site on tubulin, and inhibited tubulin polymerization, resulting in highly potent cytotoxic activity in vitro. While the potency of paclitaxel and docetaxel was compromised in a multidrugresistant cell line that overexpresses P-glycoprotein, the potency of compounds II and IATwas maintained. Both compounds had favorable drug-like properties, and acceptable oral bioavailability (21-50%) in mice, rats, and dogs. Tumor growth inhibition of greater than 100% was achieved when immunodeficient mice with rapidly growing paclitaxel-resistant prostate cancer cells were treated orally at doses of 3-30 mg/kg of II or IAT. Conclusions These studies highlight the potent and broad anticancer activity of two orally bioavailable compounds, offering significant pharmacologic advantage over existing drugs of this class for multidrug resistant or taxane-refractory cancers.
INTRODUCTION
Microtubules play important roles in cell mitosis and division (1) (2) (3) . Some drugs targeting microtubules, such as the vinca alkaloids, the taxanes, and the epothilones, interrupt cell division, lead to apoptosis and are thus used for the treatment of cancer (4) . Though their clinical efficacies are well established, patients almost invariably progress to refractory cancer wherein they fail to respond to additional therapy. One of the major problems facing this drug class is the multidrug resistance (MDR) developed by cancer cells due to over-expression of drug efflux pumps, most notably P-glycoprotein. In addition, the route of administration of these drugs is limited to intravenous infusion due to poor drug-like properties, such as extensive first-pass metabolism, affinity for P-glycoprotein, poor solubility, or low oral bioavailability. Ixabepilone, an epothilone that binds to the taxane-binding site on tubulin, was reported to be a poor substrate of P-glycoprotein, capable of maintaining potency in taxane-resistant cells (5) . However, due to poor solubility, the formulation containing Cremophor ® EL used for paclitaxel and docetaxel is still used for ixabepilone. Cremophor EL itself is associated with hypersensitivity reactions (6) and patients need to be pre-treated with dexamethasone, clemastine, or ranitidine (7) to prevent unwanted side-effects. Oral administration of drugs is practical, convenient, and safer for patients with compromised immune function, as well as costeffective. Although paclitaxel, docetaxel and ixabepilone suffer from poor oral bioavailability, they have been orally administered in phase I-II clinical trials in combination with Pglycoprotein inhibitors in attempts to achieve therapeutic exposure (7) (8) (9) (10) . However, limitations associated with the toxicity of the Cremophor EL vehicle used for oral administration, larger intersubject variation and the design of formulations with acceptable bioavailability have hampered further development of these drugs for oral use in cancer therapy.
Unlike drugs that bind to the taxane-or vinca alkaloid site on tubulin, drugs binding to a third site on tubulin, the colchicine-binding site, may provide a better opportunity to be developed for oral use due to their simpler chemical structures and favorable physicochemical properties. None of the colchicine-binding agents is approved for routine clinical use yet. However, some of them, such as ABT-751 (sulfonamide) (11) (12) (13) , indibulin (14, 15) , and STX140 (16, 17) , are in preclinical or clinical development. These agents have shown the potential to be orally available and to circumvent P-glycoprotein-mediated drug resistance.
Combretastatin A4 phosphate (CA4P), a water-soluble prodrug of Combretastatin A4 (CA4), binds to the colchicine-binding site on tubulin, and has demonstrated activity in preclinical studies (18, 19) . CA4P is currently under clinical investigation in combination with other chemotherapy or radiation (20, 21) . Although larger patient studies will be needed to confirm its clinical activity, these early clinical trials suggest that the addition of CA4P to paclitaxel and carboplatin treatment may increase response rate in patients. Despite the fact that CA4P is a watersoluble small molecule, it is only administered via the intravenous route.
In the present study, we examined the in vitro and in vivo pharmacologic activity of two compounds, one with an imidazole linker and the other with an aminothiazole linker to a trimethoxy benzoyl ring, that arose from our studies to optimize the metabolic stability, permeability, and solubility of 4-substituted methoxy benzoyl-aryl-thiazoles and 2-arylbenzoyl imidazoles (22, 23) . Both were indoles with favorable pharmacokinetic properties, including satisfactory oral bioavailability, and circumvent P-glycoprotein-mediated drug resistance, exhibiting equal potency in PC-3 and paclitaxel-resistant PC-3 (PC-3/TxR) cell lines in vitro. Unlike docetaxel, treatment with the indoles caused tumor regression in PC-3/TxR xenografts. This study provides the first evidence that these compounds demonstrate great promise as the first members of a new class of orally bioavailable tubulin antagonists.
MATERIALS AND METHODS

Chemicals
(2-(1H-indol-3-yl)-1H-imidazol-4-yl)(3,4,5-trimethoxyphenyl)methanone [compound II] and (2-(1H-indol-5-ylamino)-thiazol-4-yl)(3,4,5-trimethoxyphenyl)methanone [compound IAT] were synthesized using methods similar to previously published procedures (22, 24, 25) .
Cell Culture and Cytotoxicity Assays of Prostate Carcinoma and Glioma Cell Lines
The prostate cancer cell lines (LNCaP, PC-3, DU145, PPC-1) and glioma cell line (U87MG) were obtained from ATCC (American Type Culture Collection, Manassas,VA, USA). Prostate cancer cells were selected for these studies due to the prevalence of prostate cancer and the common use of docetaxel to treat this disease (26) . The glioma cell line (U87MG) was used to examine the activity of the compounds in another type of cancer (i.e., glioma) and coordinate with the brain-blood barrier studies. Paclitaxelresistant PC-3 (PC-3/TxR; a prostate cancer cell line that over-expresses P-glycoprotein) was a gift from Dr. Evan T. Keller at Department of Pathology, University of Michigan, Ann Arbor, Michigan (27) . PC-3/TxR was employed as a MDR model. All cell lines were tested and authenticated by ATCC, and were immediately expanded and frozen such that they could be restarted every 2~3 months from a frozen vial of the same batch of cells. Cell culture supplies were purchased from Cellgro Mediatech (Herndon, VA, USA). Prostate cancer cell lines were maintained in RPMI 1640 media supplemented with 10% fetal bovine serum (FBS), while the glioma cancer cell line was maintained in Eagle's MEM media with 2 mML-glutamine and 10% FBS. The antiproliferative activity of the compounds of interest, paclitaxel, and docetaxel were tested in cell lines by sulforhodamine B (SRB) assay as previous described (28) .
Competitive Mass Spectrometry Binding Assay
Competitive mass spectrometry binding studies were conducted as previously described (29) . Colchicine (1.2 μM) was incubated with porcine brain tubulin (1.0 mg/mL) in the incubation buffer [80 mM piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES), 2.0 mM magnesium chloride (MgCl 2 ), 0.5 mM ethylene glycol tetraacetic acid (EGTA), pH 6.9] at 37°C for 1 h. Varying concentrations (0.2-200 μM) of podophyllotoxin (positive control), compound II, compound IAT, and vinblastine (negative control) were used to compete with the binding of colchicine to tubulin. After 1 h incubation, the filtrate was obtained using an ultrafiltration method (microconcentrator) (Microcon, Bedford, MA) with a molecular cutoff size of 30 kDa. The ability of the compounds of interest to inhibit the binding of each ligand was expressed as a percentage of control binding in the absence of any competitor. Each experiment was performed in triplicate.
In Vitro Microtubule Polymerization Assay Porcine brain tubulin (0.4 mg) (Cytoskeleton, Denver, CO) was mixed with 5 μM of the compounds of interest or vehicle [Dimethyl sulfoxide (DMSO)] and incubated in 100 μL of buffer [80 mM PIPES, 2.0 mM MgCl 2 , 0.5 mM EGTA, pH 6.9 and 1 mM guanosine-5′-triphosphate (GTP)]. The absorbance at 340 nm wavelength was monitored every min for 15 min (SYNERGY 4 Microplate Reader, Bio-Tek Instruments, Winooski, VT). The spectrophotometer was maintained at 37°C for tubulin polymerization.
Metabolic Stability
Metabolic stability studies were conducted by incubating the compounds of interest (0.5 μM) in a total reaction volume of 1 mL containing 1 mg/mL microsomal protein in reaction buffer [0.2 M of phosphate buffer solution (pH 7.4), 1.3 mM nicotinamide adenine dinucleotide phosphate (NADP + ), 3.3 mM glucose-6-phosphate, and 0.4 U/mL glucose-6-phosphate dehydrogenase] at 37°C in a shaking water bath. Pooled human liver microsomes were utilized to examine metabolic stability. The NADPH regenerating system (solution A and B) was obtained from BD Biosciences (Bedford, MA). The total DMSO concentration in the reaction solution was approximately 0.5% (v/v). Aliquots (100 μL) from the reaction mixtures used to determine metabolic stability were sampled at 5, 10, 20, 30, 60, and 90 min. Acetonitrile (150 μL) containing 200 nM of the internal standard (23) was added to quench the reaction and to precipitate the proteins. Samples were then centrifuged at 4,000 g for 15 min at room temperature, and the supernatant was analyzed directly by liquid chromatography tandem mass spectrometry (LC-MS/MS).
Permeability in Caco-2 Assay
1.2×10
4 Caco-2 cells/well were seeded in 24-well PET (polyethylene terephthalate) transwell plates (BD Bioscience, San Jose, CA) and maintained for 21 days in Dulbecco's Modified Eagle's Medium (DMEM) medium with 20% FBS to allow the cells to mature in terms of transporter expression (30, 31) . Compounds II, IAT, or propranolol (10 μM) was added to the donor chamber for 2 h. Aliquots (100 μL) of medium from both donor and receiver chambers were mixed with 100 μL acetonitrile containing 200 nM internal standard. Concentrations were determined by LC-MS/MS, and used to calculate permeability values (Papp). The Papp was calculated using the following equation: Papp 0 (V r /C 1 ) (1/S) (C 2 /t), where V r is the volume of medium in the receiver chamber, C 1 is the measured concentration of the test compound in the donor chamber at t00, S is the surface area of monolayer, C 2 is the measured concentration of the test compound in the receiver chamber after 2 h incubation, and t is the incubation time (2 h). Propranolol was used as a control in this assay.
Aqueous Solubility
The solubility of compounds II ad IAT was determined by Multiscreen Solubility Filter Plate (Millipore Corporate, Billerica, MA) coupled with LC-MS/MS. Briefly, 198 μL of phosphate buffered saline (PBS) buffer (pH 7.4) was loaded into a 96-well plate, and 2 μL of 10 mM test compounds (in DMSO) was dispensed and mixed with gentle shaking (200-300 rpm) for 1.5 h at room temperature (N0 3). The plate was centrifuged at 800g for 10 min, and the filtrate was used to determine its concentration and solubility of test compound by LC-MS/MS methods.
CYP Enzyme Specific Assays
Five CYP enzyme inhibition assays were performed, and analyzed by LC-MS/MS. Briefly, for CYP2D6, CYP2C9, CYP1A2, and CYP2C19, 0.1 mg/mL microsomal protein was incubated with their specific substrates in 0.1 M potassium phosphate buffer (pH 7.4) at 37°C, while 0.05 mg/mL microsomal protein was used for CYP3A4 assays. The substrates, testosterone (50 μM), dextromethorphan (7 μM), (S)-mephenytoin (80 μM), diclofenac (7 μM), and phenacetin (100 μM), were used for CYP 3A4, 2D6, 2 C19, 2 C9, 1A2 inhibition assays, respectively. Various concentrations ranging 0.04-50 μM of compound II or IAT were examined in these assays. Positive controls used for CYP 3A4, 2D6, 2 C19, 2 C9, and 1A2 inhibition assays were ketoconazole (0.0009-1 μM), quinindine (0.0009-1 μM), ticlopidine (0.019-20 μM), sulfaphenazole (0.019-20 μM), and furafylline (0.04-50 μM), respectively.
Pharmacokinetic Study
Male ICR mice (N03 or 4 per group) 6-8 weeks of age were purchased from Harlan Inc. Female beagle dogs weighing about 10 kg were used in this study. The dogs (N04) were given a single intravenous dose of compound II or IAT (2 mg/kg, in DMSO/PFG300, 1/9, v/v), in a dosing volume of 0.2 mL/kg. Blood was drawn at 10, 20, 30 min, and 1, 2, 4, 8, 12, 24, 48, 96 h. For p.o. administration (N04), the dogs (N04) were given a single oral dose of compound IAT (5 mg/kg, in Tween80/ DMSO/H 2 O, 2/2/6, v/v/v) in a dosing volume of 1 mL/ kg. We selected an oral dose level (5 mg/kg) in dogs that was one-fourth of the dose in mice and slightly higher than would be needed to correct for differences in body surface area (i.e., one sixth of the dose in mice) due to in vitro studies with liver microsomes from these species indicating less metabolic stability of the compounds in dogs (data not shown). Blood was drawn at 20, 40, 60, 80, 100, 120, 150, 180, 210 min and 4, 8, 12, 24, 48, 96 h.
A protein precipitation method was used for sample preparation. An aliquot (200 μL) of acetonitrile (ACN) containing the internal standard was added to 100 μL of plasma and then was thoroughly vortexed for 15 s. After centrifugation, the supernatant was analyzed by LC-MS/MS. The pharmacokinetic parameters were determined using noncompartmental analysis (WinNonlin 6.0, Pharsight Corporation, Mountain View, CA)
Brain Penetration Study
Plasma and brain tissue were collected after a single dose oral administration (20 mg/kg) of compounds II and IAT, and single intraperitoneal administration (10 mg/kg) of docetaxel from nude mice. All three chemicals were formulated in Tween80/DMSO/H 2 O, 2/2/6, v/v/v. At the indicated time points (1 h and 4 h) after dosing, blood and brain tissue was collected from nude mice. Plasma was prepared as previously described and stored at −80°C until analyzed.
Brain tissue samples were individually ground to a powder with a Bessman tissue pulverizer (Spectrum Laboratories, Rancho Dominquez, CA) (32) . The pulverizer was pre-cooled for 1 min in liquid nitrogen. Approximately 50 mg of tissue was placed on the pulverizer, and the whole apparatus was cooled in liquid nitrogen for 1 min and then the tissue was ground to a fine powder. The powder was immediately transferred to a sample vial, vortexed with 4 volumes of water, and then 10 volumes of acetonitrile containing the internal standard were added for extraction. After centrifugation, the supernatant was analyzed by LC-MS/MS to determine their brain and plasma concentrations. . Docetaxel (10 or 20 mg/kg) was intravenously dosed on day 1 and day 9 in both PC-3 and PC-3/TxR xenograft models while compound II (6.7 mg/kg) was dosed orally (qd, five times a week) in PC-3/TxR xenograft model. In another PC-3/TxR xenograft study, compound II (3.3 mg/kg) was dosed twice a day (b.i.d.) for the first four days in the first week, and then the schedule was changed to once daily, five days a week during week 2-4 due to toxicity. While compound IAT (10 and 30 mg/kg) was orally dosed b.i.d. on mice, five times a week for four weeks, a higher dose of compound II (10 mg/kg) was also examined in PC-3/TxR xenografts, with every other day (q2d) treatments.
RESULTS
Compound II and IAT Exhibit Potent Cytotoxicity in Cancer Cells, Including Multidrug-Resistant Cells
The ability of compound II and IAT to inhibit the growth of cancer cell lines was evaluated using SRB assay (Table I) . Both compounds inhibited the growth of several human cancer cell lines, including one glioma and five prostate cancer cell lines, with IC 50 values in the low nanomolar range. Compound II exhibited 1.7~4.3 fold higher potency than compound IAT in these cell lines. The PC-3/TxR cell line that over-expressed P-glycoprotein was used to examine the ability of compounds II and IAT to maintain activity in paclitaxel-refractory cells in vitro (Table I) . Compounds II and IAT were equipotent against parents PC-3 and drug resistant PC-3/TxR cells, whereas paclitaxel and docetaxel exhibited relative resistance value of 85-and 15-fold, respectively. These data indicate that both compounds II and IAT circumvent P-glycoprotein-mediated drug resistance consistent with our previous lead compound, 4-(3,4,5-trimethoxybenzoyl)-2-phenyl-thiazole (SMART-H) (28) .
Compounds II and IAT Bind to the Colchicine-Binding Site on Tubulin, Inhibit Tubulin Polymerization, and Induce Cancer Cell Apoptosis A competitive mass spectrometry binding assay was developed to study the interactions of small molecule inhibitors with tubulin, and was applied to examine our lead compound, SMART-H, which selectively binds to the colchicine site on tubulin (29) . Compounds II and IAT compounds competed effectively with colchicine for tubulin binding (Fig. 1a) , with potency similar to podophyllotoxin. Vinblastine, the negative control, did not inhibit colchicine binding to tubulin, successfully demonstrating the specificity of this competitive mass spectrometry binding assay. Porcine brain tubulin (> 97% pure) was incubated with II or IAT (5 μM) to test their effects on tubulin polymerization (Fig. 1b) . Compounds II and IAT inhibited tubulin polymerization by 47 and 40% at 15 min, respectively. Colchicine at 5 μM was used as a positive control and inhibited tubulin polymerization by 32%. These data suggested that both II and IAT inhibit tubulin polymerization better than colchicine and indicated that these compounds bind the same site as SMART compounds (28) .
PC-3 and PC-3/TxR cells were exposed to 0.8-600 nmol/ L of compound II, IAT or docetaxel for 24 h. Both compound II and IAT were equally potent in their ability to induce cell apoptosis in PC-3 (Fig. 1c) and PC-3/TxR (Fig. 1d) within 24 h as measured by DNA histone complex formation. Although docetaxel potently induced cell apoptosis in PC-3 cells, it was substantially weaker in PC-3/TxR cells due to the overexpression of P-glycoprotein.
Compounds II and IAT Exhibited Favorable Drug-Like Properties
The drug-like properties of II and IAT, such as metabolic stability, permeability, aqueous solubility, and drug-drug interactions, were examined (Table II) . Compound II exhibited greater metabolic stability and aqueous solubility than IAT. Both compounds exhibited more than adequate permeability values, suggesting that they would be amenable to oral administration. In addition, both compounds showed high IC 50 values (in the micromolar range) during CYP enzyme inhibition assays, suggesting that they will not cause CYP-mediated drug-drug interactions. 
Pharmacokinetic Studies in Mice, Rats and Dogs
The pharmacokinetic parameters of compounds II and IAT after single intravenous or oral doses in ICR mice, Sprague-Dawley rats, and Beagle dogs are summarized in Table III . Compound II exhibited low clearance in mice and rats, suggesting that it exhibited prolonged metabolic stability and minimal first-pass hepatic metabolism in these species. In addition, II had a moderate volume of distribution in mice and rats, suggesting that it is widely distributed in tissues. Surprisingly, the total clearance of compound II in dogs was high. Two abundant metabolites in dog plasma, a hydroxylated metabolite and an unknown metabolite with +34 m/z than the parent (data not shown), were observed, which were consistent with those found in dog liver microsomes. In addition, abundant metabolites were observed when compound II was incubated with dog liver microsomes, but not in mouse, rat or human liver microsomes (data not shown). Nevertheless, compound II showed acceptable oral bioavailability of 21%, 36%, and 50% in rats, mice, and dogs, respectively. Compound IAT had low systemic clearance in rats and moderate clearance in mice and dogs. Similar to II, compound IAT exhibited moderate volume of distribution in these species. Compound IAT had comparable oral bioavailability among the three species (24%~36%).
Brain Penetration of Compounds II and IAT in Nude Mice
The ratios of whole brain to plasma concentrations of compound II and IAT were determined and compared to docetaxel in the nude mice (Table IV) . Compound IAT exhibited a greater brain penetration than compound II and docetaxel. Compound II achieved slightly greater brain/plasma concentration ratios than docetaxel at both 1 and 4 h, while the IAT concentrations in brain reached 14-19 % of plasma concentrations at 1 h and 4 h, respectively, showing a 3.2-fold higher brain/plasma ratio at both 1 h and 4 h compared to docetaxel.
Compounds II an IAT Inhibit Paclitaxel-Resistant Prostate (PC-3/TxR) Xenograft Growth
Parental PC-3 and paclitaxel-resistant prostate cancer PC-3 (PC-3/TxR) cells were inoculated into nude mice and the tumor volumes were allowed to reach about 150~300 mm 3 . Docetaxel (10 or 20 mg/kg), an anticancer drug approved for clinical use in advanced prostate cancer, was used for comparison. PC-3/TxR tumor xenografts grew rapidly and reached tumor volumes of 1500-2500 mm 3 by the end of the study. Although intravenously administered docetaxel (10 and 20 mg/kg) demonstrated in vivo anticancer activity in both models (Fig. 2a, b) , the tumor growth inhibition (TGI) effect decreased from 84% TGI in PC-3 tumors to 14% TGI in PC-3/TxR tumors when intravenously dosed at 10 mg/kg (Table V) . At the higher dose (20 mg/kg), docetaxel elicited partial regression (>100% TGI) of PC-3 tumors, but only 56% TGI in PC-3/TxR tumors. The effectiveness of docetaxel in PC-3/TxR tumors was decreased when compared to that in PC-3 tumors, suggesting that the efficacy was impaired by P-glycoprotein-mediated drug resistance. These results were consistent with our in vitro cytotoxicity and apoptosis data. In contrast to the lack of efficacy of docetaxel in PC-3/ TxR tumors, compound II (6.7 mg/kg) was dosed orally and demonstrated more than 100% TGI without an effect on body weight (Fig. 2b and Table V ). In addition, 2 out of 4 nude mice bearing PC-3/TxR tumors treated with compound II were tumor free on day 19.
The PC-3/TxR xenograft model was further utilized to evaluate the efficacies of compound II and IAT when administered using different dosing schedules. The maximal tolerated doses (body weight loss >20%) of II was 10 mg/kg when orally dosed once daily for 4 days; or at 3.3 mg/kg when administered twice daily (b.i.d.) for 5 days (data not shown). As shown in Fig. 2c, 3 .3 mg/kg of II was administered b.i.d. for the first four consecutive days in the first week, and the schedule was then changed to once daily on week 2 and 4. Partial regression was obtained during days 4-19. The TGI was 97% and one of the seven mice was tumor free on day 26. A higher dose (10 mg/kg) with lower dosing frequency (q2d) of compound II (Fig. 2d) Fig. 2c) . The TGI value was 59% for mice that received 10 mg/kg IAT, while partial regression (>100% TGI) from day 19 to the termination of the study (day 26) was observed in animals treated with the higher dose (30 mg/kg) of IAT. Some mice in vehicle group had lower body weights at the endpoint, in part, due to muscle wasting and/or cancer cachexia. On the contrary, mice treated with Compound II (3.3 mg/kg) or IAT (30 mg/kg) gained weight ( Table V) , suggesting that these optimized doses of II or IAT were well-tolerated.
DISCUSSION
Docetaxel and paclitaxel are widely used in the treatment of various malignancies, but require intravenous administration due to low passive absorption and/or high active efflux (P-glycoprotein) if administered orally. Although cyclosporine has been used in an attempt to increase the oral activity of taxanes, it also causes undesirable side effects and can result in variable pharmacokinetics and exposure (7) . The goal of this study was to develop highly potent tubulin antagonists with efficacy comparable to intravenously administered docetaxel, but with good oral bioavailabililty.
A successful lead optimization for oral use requires careful consideration of various drug-like properties, including metabolic stability, aqueous solubility, drug-drug interactions, permeability, in addition to potency and efficacy. The poor oral bioavailability of our previous compound, SMART-H, was mainly due to its low solubility (23) . In this investigation, the solubility was improved by introducing an imidazole ring (compound II) or an amino-linker (compound IAT) (22, 24) . Both compounds exhibited favorable drug-like properties and had 21-50% oral bioavailability in mice, rats, and dogs. Most importantly, both compounds maintained anti-proliferative potency in the low nanomolar range against cancer cell lines, including an P-glycoprotein-overexpressing cell line. Altogether, these properties support the conclusion that both II and IAT may be potent and orally available tubulin antagonists.
We tested compounds II and IAT against a multidrugresistant cell line (PC-3/TxR) that over-expresses Pglycoprotein and demonstrated that they had equipotent antiproliferative effects in PC-3 (parent) and PC-3/TxR (MDRpositive) cells, suggesting that they effectively inhibited tumor cell proliferation in a P-glycoprotein-independent manner. In contrast, docetaxel, a p-glycoprotein substrate showed a 15-fold difference when comparing its effects in these two cell lines. Docetaxel effectively reduced the tumor burden of nude mice bearing PC-3 tumor but was less effective in mice bearing PC-3/TxR xenografts, suggesting that the compromised antitumor efficacy was associated with p-glycoprotein- mediated drug resistance. The potency and efficacy of compounds II and IAT were effective in the PC-3/TxR xenografts. Partial regression or TGI % values exceeding 90% were achieved after 4 weeks of treatment with II (3.3-10 mg/ kg) and IAT (30 mg/kg). In general, anticancer compounds are considered to be "moderately active" when they achieve a TGI % value of 60% (or %T/C value of 40%, TGI%0 100%-%T/C value), and considered to have "good activity" when TGI values approach 90% (28) . As such, II and IAT can be classified as very active in this paclitaxel-or docetaxelrefractory animal model, indicating that they circumvent Pglycoprotein-mediated drug resistance. Interestingly, although compound II exhibited 4.3-fold higher potency than IAT in the PC-3/TxR cell line, approximate 15-fold higher doses were needed for IAT compared to II to achieve more than 90% TGI in vivo (Fig. 2c ). It appears that three main properties, potency, oral exposure (the area under the plasma concentration-time curve, AUC) in mice, and tumor penetration, contributed to this difference. Compound II demonstrated about 4.3-fold, 2.2-fold, and 2.6-fold greater potency, oral exposure, and tumor penetration, respectively than compound IAT. In addition, tumor/plasma concentration ratios (N03) at 1 h were 113 ± 70 and 43 ± 33% for II (3.3 mg/kg) and IAT (30 mg/kg), respectively, when administered orally.
Brain concentrations of II and IAT were also examined since both compounds exhibited high permeability and a lack of dependence on P-glycoprotein. Compound IAT (20 mg/kg) had brain/plasma concentration ratios of 14% and 19 %, respectively, at 1 and 4 h after oral dosing suggesting that it readily crossed the brain-blood barrier. In addition, brain/plasma concentration ratios remained relatively constant for II and IAT over time, suggesting that brain concentrations were in the same pharmacokinetic compartment as plasma and that II and IAT will not accumulate in the brain, perhaps reducing the possibility for neurotoxicity or unwanted side effects. We performed neurotoxicity studies for our previous lead compound (SMART-H), and did not find any signs of obvious neurotoxicity (28) . We plan to conduct similar studies with compounds II and IAT to test this hypothesis. We also plan to conduct studies using orthotopic glioma xenografts as a first step toward determining the efficacy, if any, of these compounds for gliomas.
In summary, we have demonstrated that compounds II and IAT are potent, orally active tubulin antagonists. They bind to the colchicine-binding site on tubulin, inhibit tubulin polymerization, induce cell apoptosis, and retain potency in P-glycoprotein-overexpressing cell lines. Based on the CYP inhibition studies, they are unlikely to cause or be affected by drug-drug interactions involving the predominant CYP enzymes. Both compounds exhibit favorable drug-like and pharmacokinetic properties, making the oral route feasible for anticancer therapy and offering several potential benefits, including cost-effectiveness and convenience for patients. Unlike docetaxel, both compounds are very active in paclitaxel-or docetaxel-refractory tumors in vivo. These results suggest that compounds II and IAT may have therapeutic potential for oral use in paclitaxel-or docetaxelrefractory cancer.
